BACKGROUND AND PURPOSE: Endovascular treatment of wide-neck bifurcation aneurysms often results in incomplete occlusion or aneurysm recurrence. The goals of this study were to compare results of coil embolization with or without the assistance of self-expandable stents and to examine how stents may influence neointima formation.
S tents are increasingly used to assist coil embolization of intracranial aneurysms. Indications have shifted from treating those few aneurysms qualified as "otherwise untreatable" [1] [2] [3] [4] [5] to recently being used to "improve or stabilize anatomical results." 6, 7 Important questions, such as whether stents do improve initial angiographic results or decrease recurrences compared with simple coiling, remain unanswered. 8, 9 Various increasingly sophisticated techniques, such as Y and X stenting, have now been described for bifurcation aneurysms. [10] [11] [12] Authors have generally been enthusiastic about clinical results. 4, 6, 11 However, an appropriate preclinical evaluation of stent-assisted coiling of bifurcation aneurysms has never been performed. A liberal clinical use of stenting, aiming to improve anatomic results of coiling, should be preceded by some evidence that stenting does provide some benefits. Frequent claims are that stents have a potential to "reduce intra-aneurysmal flow," 6 to "provide flow diversion," [9] [10] [11] and to facilitate "endothelialization" 6 or "intimal overgrowth" at the neck. 9 Here we report the in vivo results of stent-assisted coiling in a bifurcation model with a demonstrated propensity for recurrence. 13 The following questions were addressed: Are immediate angiographic results more complete with stent-assisted coiling? Are follow-up angiographic results improved at 3 months? Although stent placement alone, without coiling, may not offer a realistic treatment alternative for most clinical bifurcation aneurysms, the experimental setting will be an occasion to observe the effects of Y-stenting alone in the same model.
Braided self-expandable stents display various porosities according to deployment technique. What kind of porosities can be achieved with stent compaction, with the intent of further closure of the aneurysm neck? The amount of metallic coverage of the aneurysm neck provided by the 2 stenting techniques that will be used in vivo presumably affects the capacity of stents to support coiling, the neointimal coverage of stent struts and closure of the neck, and the capacity for the stents to modify aneurysm flows, if they have any. Bench studies have been performed to systematically observe the effects of stent compaction on device porosity by using a single stent or a stenting technique. Finally, in vivo, do stents provide a scaffold for neointima formation, as is often claimed? 2, 6, 9 
Materials and Methods

Braided Self-Expandable Stents
Braided self-expandable stents were nitinol single-wire (56 m in diameter) weave devices, nominal diameter and length 4.5 ϫ 30 mm, 89% porosity (in 3.5-mm tubes), 16 struts, 0.6 Ϯ 0.5 pores/mm 2 (gifts from MicroVention, Aliso Viejo, California).
Bench Studies
Bench studies modified from Makoyeva et al 14 were performed to assess device deformation when constrained in such a fashion as to mimic deployment in bifurcations and secondary effects when stents are compacted (Fig 1) . Scaled photographs were studied with an image-processing program to measure porosity, pore density, and strut frequency when stent extremities were deployed into 2-, 2.5-, and 3-mm silicone tubes, leaving the midstent portion free to expand; stents were compacted by 0-to 7-mm increments.
In Vivo Studies
Aneurysm Construction. Protocols for animal experimentation were approved by the institutional Animal Committee in accordance with guidelines of the Canadian Council on Animal Care. All procedures were performed with the animals (24 Beagle dogs) under general anesthesia. Wide-neck venous pouch aneurysms were constructed by using a variant of the Y-type bifurcation model created between the 2 common carotid arteries as described previously. 13 In brief, through a midline incision, the left external jugular vein was harvested. The left common carotid artery was ligated near its origin and transected. The distal end was mobilized and tunneled to the contralateral side between the esophagus and trachea. A 2-cm venous segment, cleaned from fat and adventitia, was prepared for the anastomosis as depicted in Fig 2. All structures were anastomosed with the use of 7.0 Prolene running sutures (Ethicon, Cincinnati, Ohio). The model was modified to mimic the clinical situation, in which the neck incorporates the origin of a branch. In the resulting model, the "anatomic neck" of the aneurysm, consisting of the wall of the venous segment, is wide and devoid of suture lines, whereas the "surgical neck" forms a dysplastic bifurcation that incorporates the origin of the left carotid artery. Bifurcation aneurysms had 13-to 17-mm sacs and 7-to 9-mm necks (Table) . Endovascular Treatment. Endovascular treatment was performed at least 4 weeks after aneurysm construction, according to techniques routinely used in clinical practice. All animals received 325 mg of aspirin and 75 mg of clopidogrel each day for 4 days before endovascular treatment. Clopidogrel was discontinued 10 days after embolization or stent placement, whereas 325 mg/day aspirin was continued until the dogs were euthanized. A bolus of 300 U of heparin was IV-administered after placement of 5F or 6F introducer sheaths in one or both femoral arteries. All procedures were performed by using a single plane coronary angiography unit without the capacity for subtraction (HiCor; Siemens, Erlangen, Germany). Multiple angiographic projections were performed to find the appropriate "coiling view," and selective carotid injections were repeated after deployment of each device (stent or coil). Microcatheters (Headway 17 and 21), stents, and platinum coils were provided by MicroVention. To control bias, animals were randomly allocated to 5 different treatment groups (of approximately 5 animals each, a sample size that can detect only large effects), leading to slight imbalance in the number of animals per group: standard coiling (n ϭ 6), single stent-assisted coiling (n ϭ 5), Y stent-assisted coiling (n ϭ 5), Y-stenting only (n ϭ 4), and no treatment (n ϭ 4). Coil embolization, with or without stenting, was performed by maximal packing with 0.014-caliber platinum coils of decreasing diameters, followed by smaller coils (2-4 mm in diameter; caliber 0.010), until coils could no longer be introduced without protruding at the level of the bifurcation, or until the microcatheter was ejected from the aneurysm. Stenting was performed through a bifemoral approach; when using 1 stent, one femoral artery was used to catheterize the aneurysm, the other was used to deploy the stent from the distal left carotid artery to the proximal right carotid artery, thereby jailing the microcatheter. To perform Y-stenting, the same procedure was used, but after deployment, the stent was compacted and shortened to protrude horizontally across the neck, followed by deployment of a second stent from the distal to the proximal right carotid artery ( Fig 1E, -F ). The jailed microcatheter was then used for coiling. Femoral arteries were ligated to prevent hematoma formation.
Angiographic Outcomes
Immediate and 3-month follow-up angiograms were independently graded, on a 4-point ordinal scale, by 2 experienced observers (J.R. and I.S.) to assess the degree of aneurysm occlusion. 13 A score of 0 indicated complete obliteration, 1 indicated a residual neck, 2 indicated a residual or recurrent aneurysm, and 3 indicated a saccular lesion larger than the initial lesion. After assessing intraobserver and interobserver agreement, a consensus session was held to determine final results.
Pathologic Outcomes
After barbiturate overdose euthanasia at 3 months, carotid aneurysms were removed en bloc and fixed in formalin for 1 week. The right carotid artery was opened distal to and at the level of the bifurcation to visualize the aneurysm neck orifice. The degree of neointimal closure was scored independently by 2 observers according to a scale described previously. 13 Scores were assigned as follows: 0, thick neointima completely sealed the orifice of the neck; 1, neointima sealed the neck but with small residual holes; 2, a crescent was present around the aneurysm wall and the neointima covering the coil mass; 3, the coil mass itself was only partially covered with neointima; and 4, no neointima, only thrombus (if anything), was covering the coils or stent struts. Interobserver and intraobserver variability was studied. After scoring neointimal closure for each aneurysm, the same observers analyzed photographs of the neck of stented aneurysms (coiled or not) to assess whether neointima formation occurred over coil loops or stent struts. Overall stent porosity at the level of the aneurysm neck was measured as 1 minus area of metallic surfaces divided by overall neck area. Because stents or Y-stent constructions displayed various porosities, the porosity of stent segments covered with neointima, where it occurred, was measured (as well as the porosity of stent segments not covered with neointima) by delineating circular areas of interest, measuring metallic surfaces divided by the total surface of the circular area, with the use of Image J image-processing software (National Institutes of Health, Bethesda, Maryland; http://rsbweb.nih. gov/ij/docs/index.html). The mean porosity of neointima-covered stent segments was then compared with the mean porosity of bare stent segments by using the Student t test.
Statistics
Intraobserver and interobserver agreement on the scored angiographic and pathologic outcomes were measured by using statistics. 14 Note:-Values are reported as mean Ϯ SD. a Stent-assisted coiling led to more complete occlusions initially (P ϭ .013) and at 3 months (P ϭ .010) than coiling alone. b Aneurysms treated with Y-stenting only had significantly worse neointimal results than all other groups (P ϭ .023).
Aneurysm dimensions and results of endovascular treatments
Groups
aneurysms were compared by using nonparametric Kruskal-Wallis tests, followed by 2 ϫ 2 Mann-Whitney tests, when appropriate. Simple coiling was compared with single stent-assisted coiling and with Y-stent-assisted coiling, separately, and then combined. A P value Յ.05 was considered significant.
Results
Bench Studies
The single and Y-bifurcation stenting configuration was reproduced by using bench studies. Stent porosity significantly varied according to 3 different zones (Fig 1) . The transition Zone 2 underwent minimal change with shortening from 0 to 7 mm, but the compaction Zone 3 significantly decreased in porosity, proportionate to device shortening, reaching 65% with maximum compaction (Fig 3) .
In Vivo Results
Aneurysm sac and neck dimensions, coil-packing densities, angiographic results, and neointimal scores are summarized in the Table and illustrated in Fig 4. There were no significant differences in aneurysm dimensions, length of coils, volumes of coils, or packing densities (P ϭ .13) between groups treated with simple or stent-assisted coiling. The values for interobserver and intraobserver agreement in the evaluation of angiographic results at implantation were substantial (0.628 Ϯ 0.156 and 0.625 Ϯ 0.135) but at 3 months were slight to substantial 15 (0.454 Ϯ 0.149 and 0.732 Ϯ 0.117). The values for interobserver and intraobserver agreement in the evaluation of neointima formation at 3 months varied from slight to substantial (0.412 Ϯ 0.135 and 0.671 Ϯ 0.123).
Coiled aneurysms tended to recur at 3 months, with increasing scores for all animals, whereas angiographic results were more often stable (8 of 10) after stent or Y-stent-assisted coiling (Fig 4) . Final angiographic results differed significantly between treated groups (P ϭ .005). Y-stenting, without coiling, uniformly failed to treat aneurysms, just like controls (0 of 4 of both groups had any evidence of occlusion). Single stentassisted coiling led to more complete occlusions initially (P ϭ .013) and at 3 months (P ϭ .010) than coiling alone. Y-stentassisted coiling was not significantly different from simple coiling or from single stent-assisted coiling. Neointimal scores differed significantly between aneurysms treated with Ystenting only and coiled groups (P ϭ .028) but not between coiling and single-stent or Y-stent-assisted coiling (P ϭ .908).
Coils at the neck of treated aneurysms were always covered with neointima at 3 months. In vivo stent porosities varied between 92% and 40%. Stent struts were covered with neointima only on stent segments or zones compacted to a porosity of 60% or less. The mean porosity of neointima-covered stent segments (49.2 Ϯ 8.1%) differed significantly from bare stent segments (84.9 Ϯ 7.3%; P ϭ .000). Y-stent constructions uniformly showed higher porosities at the transition zones (Zone 2 of bench studies), devoid of neointima formation, leaving large holes for flow to persist (Fig 5) .
Discussion
The main findings of this study are that stent-assisted coiling of bifurcation aneurysms can lead to better angiographic results at 3 months compared with simple coiling, a phenomenon that seems to result from more complete occlusions initially. Stents alone had little or no effect on aneurysm occlusion, and neointima formation was almost completely restricted to portions of stent adjacent to coils. In addition, we found that reconstruction of a bifurcation is possible with the use of braided stents and Y-stenting, and that intentional reduction of stent porosity can be achieved with stent compaction, both in bench studies and in vivo, but a limiting factor was the constant presence of transition Zone 2 , showing higher porosities than other stent segments in all cases. If stents can help support coil embolization of aneurysms and improve initial results, they remain too porous to provide a significant scaffold for neointima formation. When stents are compacted to decrease porosity and, ideally, to increase metallic coverage of the neck and reconstruction of the bifurcation, the strategy may still fail because compaction has no effect on the relatively more porous transition Zone 2 , located at the junction between the neck area and the parent vessel or branch.
Although some case series have reported improved longterm angiographic results with stent-assisted compared with simple coiling, aneurysms were hardly comparable, and stents were associated with higher complication and mortality rates. 7, 16 Other clinical reports have claimed that stent placement may not prevent the frequent recanalization observed in difficult, wide-neck or bifurcation aneurysms. 17 A randomized comparison between simple or balloon-assisted coiling and stent-assisted coiling has yet to be performed. 8, 18 Given their widespread clinical use, the paucity of preclinical studies on self-expandable intracranial stents in the treatment of aneurysms is remarkable. Balloon-expandable stents have been shown to have some efficacy by themselves as early as 1994, [19] [20] [21] and the feasibility of stent-assisted coiling of lateral wall porcine aneurysms was already reported in 1993. [22] [23] [24] [25] [26] The potential clinical value of stent placement cannot be inferred from those animal models that have a propensity for anatomic cures, no matter what treatment is applied. [27] [28] [29] Stenting of experimental aneurysms has been tested in lateral wall models, in pigs 25 or in dogs, 30, 31 and, although both successes and failures have been reported, none of the published studies has used braided self-expandable stents, and none has used bifurcation aneurysm models. The model described here recurred after simple coiling and could reproduce the difficulties involved in stenting bifurcations.
Many authors have claimed that stents could have an effect by themselves or could provide a scaffold on which neointima could form. 2, 6 The present work could not support these claims, and if the use of stents led to improved angiographic results at 3 months, this seems related to better initial aneurysm occlusions permitted by the stent.
If in vivo experiments have shown that neointimal coverage of stent struts depends on their concentration or metallic density (1-porosity), in vitro experiments have revealed that compacting braided stent during deployment can decrease porosities, except at the transition Zone 2 , which consistently remains relatively porous. These porous "windows," located at the junction of the branch and the aneurysm neck in Y-stenting, probably affect the capacity for these stents to retain coil loops during coiling and are void of neointima at 3 months. It would be important for interventionists to predict what kind of metallic closure of aneurysm or what kind of reconstruction of the bifurcation occurs when they use such devices. Nominal porosities typically provided by manufacturers do not suffice to predict the porosities that will be delivered in clinical cases and that are so dependent on anatomy and deployment techniques. Simple bench experiments could serve to construct graphs or tables specific to each device that would help guide appropriate clinical use.
Limitations
The model described here does not mimic the broad-neck aneurysms for which coiling cannot be achieved without assistance. Had this been the case, no comparison would have been possible between stent-assisted coiling and coiling alone. The model cannot be completely occluded with coiling alone, however, without jeopardizing the parent artery or branches. Our results do not apply to sidewall aneurysms. The lack of subtraction in the angiographic assessment of results is a weakness of the study.
We studied only 1 stent, a braided device that differs significantly from laser-cut stents commonly used in many endo- vascular centers. The device belongs to the same family as the Leo stent (Balt, Montmorency, France) and has recently been introduced in Europe and Canada (LVIS; Microvention), but we do not know if our results apply to other devices. The number of animals studied in this work was small, and follow-up angiography beyond 3 months was not performed. Experimental aneurysms were surgical constructions, and results may differ significantly from spontaneous intracranial aneurysms. Canine biology differs from human biology; extrapolation to human applications should always be prudent.
Conclusions
Stent-assisted coiling may improve angiographic results compared with simple coiling, but these high-porosity stents did not provide a scaffold for more complete neointimal closure of aneurysms.
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